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Extensive d a t a  on t h e  p l a n t  parameters  necessary  t o  eva lua te  
any model a r e  presented  f o r  a c o t t o n  crop.  The v a r i a t i o n  of t h e  
b i d i r e c t i o n a l  r e f l e c t a n c e  func t ion  with observer  a l t i t u d e ,  observer  
azimuth, and sun a l t i t u d e  angle  i s  presented  f o r  a high d e n s i t y  
c o t t o n  crop having l e a f  area  index of  19. A comparison with t h e  
q u a n t i t a t i v e  behavior obtained from t h e  S u i t s  model i s  accomplished 
i n  t h e  wavelength region from 400 nm t o  1050 nrn. 
INTRODUCTION : 
Thi s  i n i t i a l  p r o j e c t  was under taken  a t  Pan American U n i v e r s i t y  
i n  a n  e f f o r t  t o  p rov ide  a  needed comparison of some c u r r e n t  mathe- 
m a t i c a l  models of v e g e t a t i v e  canopies .  The o b j e c t i v e s  of t h e s e  
models a r e  t o :  (1) r e l a t e  t h e  observed changes i n  s p e c t r a l  
r e f l e c t a n c e  t o  t h e  c a u s a t i v e  f a c t o r s ,  (2) e s t a b l i s h  a  d a t a  base  
d e f i n i t i o n  necessary  t o  c o n s t r u c t  r e a l i s t i c  models, (3 )  make p re -  
d i c t i o n s  about  such t h i n g s  a s  optimum c o n d i t i o n s  f o r  d i s c r i m i n a t i o n ,  
and (4) p rov ide  o t h e r  workers i n  a g r i c u l t u r a l  o r  remote s e n s i n g  w i t h  
u s a b l e  models f o r  b u i l d i n g  more complete models on p h o t o s y n t h e s i s ,  
crop y i e l d  p r e d i c t i o n s ,  o r  s a t e l l i t e  c rop  inven to ry .  
The p o s i t i o n  t a k e n  i n  t h i s  s tudy  was t o  o b t a i n  complete d a t a  
o a  t h e  r e f l e c t a n c e  o f  c o t t o n  over  a  wide r ange  of obse rve r  a n g l e s  
and sun  a n g l e s ,  and a l s o  t o  g a t h e r  s u f f i c i e n t  p l a n t  s t r u c t u r e  d a t a  
t o  enab le  o t h e r s  t o  u s e  t h e  d a t a  f o r  t h e i r  model!j. 'The atmosphere 
problem was n e g l e c t e d  and d a t a  was t aken  only  on c l e a r  t o  5% cloudy 
days s o  t h a t  t h e  incoming d i f f u s e  component of s o l a r  r a d i a t i o n  
cou ld  b e  neg lec t ed .  
ORIGINAL OBJECTIVES : 
1. C o l l e c t  p l a n t  parameters  f o r  implementing model c a l c u l a t i o n s  
1 2 3 
o f  S u i t s  , Smith and Beeth . 
2 .  C o l l e c t  f i e l d  spec t ro rad iome te r  d a t a  f o r  t h e  b i d i r e c t i o n a l  
r e f l e c t a n c e  f u n c t i o n  of  c o t t o n .  
3 .  Implement model c a l c u l a t i o n s  f o r  t h e  mathematical  models 
and compare them t o  t h e  canopy f i e l d  d a t a .  
4. Eva lua t e  t h e  f e a t u r e s  of t h e  d i f f e r e n t  models. 
The o b j e c t i v e s  1 and 2 were c a r r i e d  ou t  s u c c e s s f u l l y  with t h e  
exception t h a t  Beeth 's  model has  no t  been pukllished a t  t h i s  time. 
The p r e p r i n t s  of  Beeth's paper i n d i c a t e  t h a t  t h e  da ta  c o l l e c t e d  
f o r  Smith's model a r e  s u f f i c i e n t l y  d e t a i l e d  t o  implement t h e  model 
of Beeth when it Lecomes a v a i l a b l e .  Data we1.e s e n t  t o  both Smith 
and S u i t s  i n  an  e f f o r t  t o  o b t a i n  model c a l c u l a t i o n s  i n  o b j e c t i v e  3 .  
The c a l c u l a t i o n s  based on our programming of S u i t s '  model a r e  
compared q u a l i t a t i v e l y  t o  our f i e l d  d a t a .  We have Smith 's  program, 
but  it r e q u i r e s  much more computer t ime than i s  c u r r e n t l y  a v a i l a b l e .  
The genera l   feature^ oT t h e  models a r e  compared and exper i -  
mental da ta  a r e  used t o  eva lua te  t h e  mo4el p r e d i c t i o n s .  The 
genera l  t r e n d s  i n  t h e  behavior  of t h e  b i d i r e c t i o n a l .  r e f l e c t a n c e  
func t ion  a s  measured i n  t h e  f i e l d  a r e  presented .  Observer azimuth 
v a r i a t i o n  with o t h e r  angles  cons tan t  and exchange of observer  and 
sun a r e  d iscussed.  
EXPERIMENTAL DETAILS 
The rad iance  measurements a s  a £ 'unction of wavelength were c a r r i e d  
out  us ing a  wedge- f i l t e r  t y p e  radiometer  made by Ins t rumenta t ion  
Specia lLies  Company. The spect roradiometer  was an  I s c o  Model SR 
equipped wi th  a  1.82m f i b e r  o p t i c s  probe f o r  which we mzasured a  19' 
f i e l d  of view. Absolute r e f l e c t a n c e  of t h e  c o t t o n  was obta ined by 
a l t e r n a t e l y  measuring t h e  r a d i a t i o n  r e f l e c t i n g  from a  f l a t  whi te  p a n e l ,  
f r e s h l y  spray  pa in ted  wi th  a  white l a t e x  p a i n t .  The r a t i o  of canopy 
rad iance  t o  pane l  r ad iance  was c a l c u l a t e d  and m u l t i p l i e d  by t h e  t r u e  
pane l  r e f l e c t a n c e  a t  t h a t  wavelength t o  g i v e  t h e  a b s o l u t e  r e f l e c t a n c e  
of  t h e  canopy. The panel  r e f l e c t a n c e  was determined from plywood 
squares  of t h e  same wood p a i n t e d  with t h e  same p a i n t  a t  t h e  same t ime 
a s  t h e  panel .  A Beckman DK-2A was used a t  t h e  USDA Agricultural  Research 
Serv ice  (USDA, f i S )  i n  Weslaco, Texas, u s i ~ g  a s t andard  MgO r a t i o  
method4, t o  f i n d  t h e  a b s o l u t e  r e f l e c t a n c e  of  our plywood squares .  
The f i b e r  o p t i c s  probe was connected t o  a draft ing-machine 
mechanism t o  allow it t o  be e a s i l y  d i r e c t e d  through azimuthal  ang les .  
The e n t i r e  mechanism was mounted t o  t h e  top  of a  demountable s c a f f o l d -  
i n g  p laced i n  t h e  c o t t o n  f i e l d  such t h a t  i t  was 4.9m above t h e  t o p  of 
t h e  c o t t o n  canopy. This g i v e s  a  f i e l d  of view of s l i g h t l y  more than  
1.59m i n  diameter  looking perpendicular  t o  t h e  canopy. 
The canopy was double p lan ted  SP-37 c o t t o n  having rows separa ted  
0.20m p lan ted  0.81m a p a r t  such t h a t  t h e r e  were 88,000 p e r  a c r e .  The 
average ground a r e a  f o r  a  s i n g l e  p l a n t  was 4.60 x 10-'m2. The a r e a s  
of s i n g l e  l eaves  were measured on a n  o p t i c a l  p lanimeter  made by Kyokuto 
Boeki Kaisha Ltd. of  Japan f o r  Far  East  Mercant i le  Co. Ltd . ,  Model AAM-5. 
Five  " typ ica l "  p l a n t s  were s t r i p p e d  i n  0.20m l a y e r s  wi th  l e a f  ang le ,  
l e a f  azimuth and l e a f  a r e a  measurzd on each l e a f .  Fig. 1 s h o w  r e s u l k s  
of  t h e s e  measurements averaged  f o r  whole p l a n t s .  Histograms,  F ig .  2 
and F ig .  3 ,  show t h e  l e a f  d e n s i t i e s  and l e a f  a n g l e s  i n  i n d i v i d u a l  
l a y e r s  averaged  over  a l l  5 p l a n t s .  The p l a n t s  were s t r i p p e d  from 3 
hours  b e f o r e  t o  3 hour s  a f t e r  s o l a r  noon d u r i n g  t h e  same tj-me p e r i o d  
r e f l e c t a n c e  was be ing  measured f o r  t h e  canopy. The az imutha l  d i s t r i -  
b u t i o n  of l e a v e s  &round t h e  main s t a l k  of t h e  p l a n t s  i s  shown i n  F ig .  4 .  
The s o i i  r e f l e c t a n c e  d i d  n o t  g r e a t l y  a f f e c t  canopy r e f l e c t a n c e  because 
of  t h e  very l a r g e  LAI, bu t  i t  is  inc luded  f o r  t h e  s a k e  of  completeness  
i n  Fig.  5. The canopy showed no row . - t r u c t u r e  and f o r  purposes  o f  
model ~ ~ e r i f i c a t i o n ,  i.e .  , homogeneity and un i fo rmi ty  , t h e  h i g h  d e n s i t y  
c c t t o n  was a n  i d e a l  f i e l d .  Most a g r i c u l t u r a l  c rops  have  L A I ' s  of 2-6 
o r  l e s s ,  s o  our  da t a  i s  n o t  r e p r e s e n t a t i v e  of common c r o p s ;  however, 
it is u s e f u l  a s  a n  extreme c a s e  of a  c r o p  t h a t  shows no row s t r u c t u r e  
and h a s  s u f f i c i e n t  d e n s i t y  t h a t  t h e r e  i s  l i t t l e  s o i l  c o n t r i b u t i o n  t o  
t h e  r e f l e c t a n c e .  
It i s  impcr t an t  t o  n o t e  h e r e  t h a t  t h e  s i n g l e  l e a f  d a t a  were only  
a v a i l a b l e  i n  50 nm increments  and s o  t h e  ana log  r eco rd  of t h e  s p e c t r o -  
rad iometer  was d i g i t i z e d  i n  50 nm increments .  The c h l o r o p h y l l  absorp-  
t i o n  a t  687 nm and t h e  wa te r  a b s o r p t i o n  a t  970 nm a r e  observed i n  t h e  
a d j a c e n t  d a t a  p o i n t s .  One can  h a r d l y  look a t  s e v e r a l  ana log  recor.ds 
w i thou t  n o t i c i n g  t h e  f i n e  s t r u c t u r e  appa ren t  on t h e  r e c o r d .  Th i s  f i n e  
s t r u c t u r e  probably c o n t a i n s  much in fo rma t ion  t h a t  i s n ' t  be ing  u t i l i z e d  
i n  a  d i s c r e t e  d i g i t i z a t i o n  o f  d a t a  such a s  was performed here .  
PLANT P M E T E R S  
88,000 p l a n t s l a c r e  
459.9 Cm2- Area of base of plant=(Ab) 
Figure 1. Some r e p r e s e n t a t i v e  d a t a  from f i e l d  co t ton  p l a n t s  t h a t  were s ~ r i p p e d .  
Considerably more d a t a  was taken ( i .e .  l e a f  azimuth and s lope  ang le )  
which i s  nc t  shown here.  
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NUMBER OF LEAVES 
FIGURE 2. LEAF DENSITY AS A FUNCTION OF THE PLANT HEIGHT. The c o n c e n t r a t i o n  
of l e a v e s  on the  top of t h e  p l a n t s  i n d i c a t e s  t h a t  lower l e a v e s  were be ing  
sloughed as they  were depr ived  of s u n l i g h t .  

NUMBER OF LEAVES 
FIGURE 4 .  The azimuthal d i s t r i b u t i o n  of leaves  around the main s t a l k  of the 
p lants .  
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FIGURE 5. 
f i e l d  
Absolute ref lectance of dry clay s o i l  located 
a t  USDA, ARS Experimental Farm, measured during 
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Fig. 6.  The dependence o f  the re f l ec tance  on azimuthal variat ion i s  
demonstrated a t  850 nm for  two readings. Thc observer angle f o r  
both readings i s  30°; the t i r . 1 ~  a t  which the readings were taken 
are indicated on the graph. 
v 
REFLECTANCE 
FIGURE 7. The azimuthal  v a r i a t i o n  of  t h e  abso lu te  r e f l e c t a n c e  of 
co t ton  wi th  an observer  look angle  of 300 from t h e  perpendicular  
and a  sun angle  of lSO p a s t  zen i th .  Azimuth i s  measured from a  
magnetic compass. 
RESULTS OF FIELDS-PECTRORADIOMETER MEASUREMENTS 
A. OBSERVER AZIMUTH 
The azimuthal  v a r i a t i o n s  i n  t h e  r e f l e c t a n c e  is  shown i n  Fig.  6 f o r  
two cases .  The l a t i t u d e  was 25'5' s o  t h a t  the  sun was about 4O from 
zen i th  a t  l o c a l  s o l a r  noon. The curves i n d i c a t e  a minimum when t h e  
observer is  looking a t  t h e  crop f a c i n g  t h e  sun. The minimum i s  almost 
nonexis tent  i n  t h e  v i s i b l e .  The complete spec t ra  scans a r e  shown i n  
Fig. 7 ,  s o  t h a t  t h e  t r e n d s  a t  o t h e r  wavelengths can be seen.  The curves 
i n  Fig. 6 a r e  f o r  d i f f e r e n t  genera l  o r i e n t a t i o n s  of t h e  sun,  i . e . ,  
both before  and a f t e r  s o l a r  noon. The d e t a i l e d  shapes of t h e  curves 
a r e  probably r e l a t e d  t o  t h e  f a c t  t h a t  a  s t r o n g  he l io t rop i sm is observed 
i n  cot ton.  During t h e  time t h e  f i e l d  s t u d i e s  were being made, time- 
l a p s e  photographic records  were made t o  g ive  q u a l i t a t i v e  evidence of 
h e l i o t r o p i c  response of co t ton .  The f i l m s  i n d i c a t e  a tremendous amount 
of movement i n  t h e  p l a n t s  due t o  h e l i o t r o p i c  response and e f f e c t s  of 
t h e  wind. The genera l  change i n  o r i e n t a t i o n  of t h e  l eaves  during windy 
days would perhaps cause t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  func t ion  t o  show 
d i f f e r e n t  behavior from t h a t  found on calm days. On a very windy day 
the  spectroradiometer  was s e t  a t  a  f i x e d  wavelength t o  s e e  i f  l e a f  
f l u t t e r  caused f l u c t u a t i o n s  i n  radi.ometer readings.  There was no t  
more than 2% f l u c t u a t i o n  clue t o  any wind e f f e c t s  and/or instrument 
i n s t a b i l i t i e s .  The e f f e c t s  of windy compared t o  calm condi t ions  were 
no t  inves t iga ted .  
On t h e  s t u d i e s  of  azimuthal  v a r i a t i o n s  t h e  r e f l e c t a n c e  panel  
readings were made before  and a f t e r  each s e r i e s  of seven measurements 
on t h e  canopy. In  t h e  worst case  a canopy reading would be 20 minutes 
from a s tandard  r e f l e c t a n c e  panel  reading.  This e f f e c t  a lone  can cause 
up t o  10% v a r i a t i o n  i n  an abso lu te  r e f l e c t a n c e  value  and probably 
accounts f o r  much of t h e  v a r i a t i o n  observed i n  t h e  azimuthal  data 
B. OBSERVER ALTITUDE ANGLE 
The dependence of r e f l e c t a n c e  on observer look angle  i s  shown i n  
Fig. 8. The observer azimuth i n  these  p l o t s  was e i t h e r  nor th  o r  nor th-  
e a s t .  The data i n d i c a t e  a  d e f i n i t e  inc rease  i n  r e f l e c t a n c e  with obser-  
ve r  look angle  inc rease  a t  850 nm. The behavior p e r s i s t s  i n  t h e  v i s i b l e  
p a r t  of t h e  spectrum a s  seen i n  Fig.  9.  
C .  SUN ALTITUDE ANGLE 
The r e f l e c t a n c e  viewed by an observer looking normal t o  t h e  crop 
su r face  w i l l  decrease  a s  t h e  sun a l t i t u d e  angle inc reases .  This data  
i s  shown i n  Fig. 10 and Fig.  11. The negat ive  angles  a r e  f o r  t h e  hours 
before  s o l a r  noon. 
The behavior of t h e  r e f l e c t a n c e  with c h a n g f ~ g  azimuth appears t o  
be q u i t e  l a r g e  i n  t h e  i n f r a r e d  por t ion  of t h e  spectrum. By comparison, 
t h e  v a r i a t i o n  i n  t h e  r e f l e c t a n c e  with sun angle  i s  much l e s s  i n  t h e  I R  
and much g r e a t e r  i n  t h e  v i s i b l e .  
D. EXCHANGE SYMMETRY 
The p r a c t i c e  of assuming a  symmetry with r e s p e c t  t o  interchange 
of sun and observer p o s i t i o n s  was quest ioned i n  t h i s  s tudy.  
The data presented i n  Fig. 1 2  i n d i c a t e  t h a t  t h i s  p r a c t i c e  i s  
ques t ionable .  Error  ba r s  i n d i c a t e  t h e  average dev ia t ions  due t o  time 
l a g s  e f f e c t s  i n  r e f l e c t a n c e  panel  measurements made before  and a f t e r  
canopy measurements. The values  a r e  probably p e s s i m i s t i c .  
Fig .  8. Tllc ~ I e p ~ n d c n c c  o f  t h e  re f  l t ~ c t a n c c  on ohsc>rver ; i ~ l ~ l t .  ( f rom z e n i t h )  
is  i l l  ustrntpd a t  850 nm. ThC r1.f 1 tactanrc. v;11 rlcs wt$rc. clbt nint>tl 
i ~ t  v i l r v i n ~  t l s c s  ;ind nzimutllal i ingles  cln tlrrct> diffcrtv-it  dnvs. 
REFLECTANCE 
FIGLIRE ! I .  \ t i r iable  chsVrvc!r a 1 t i tudrl  ang l e  w i  t l l  cons t u n t  su11 unglrl 
of 1'3'' and c:onst;~nt obscllvcl> azimuth of ')Uc'. 
ABS a REFL a 
FIGURE 10. The dependence of t h e  r e f l e c t a n c e  on sun ang le  i s  shown 
a t  850 nm. The s p u r i o u s  p o i n t  may have been caused by a n  unobser-ved 
c loud  d u r i n g  t h e  canopy measurement. 
REFLECTANCE 
FIGURE 11. The r e f l e c t a n c e  wi th  v a r i a b l e  sun  a n g l e  w i t h  obse rve r  
angle  f i x e d  a t  30° and azimuth 90° ( looking e a s t ) .  The sun  a n g l e  
i s  i n d i c a t e d  by e<lc.h curve .  
REFLECTANCE 
Figure 12. Interchange of sun and observer position. For plot (A) ~ h e  sun 
angle was -30' and the observer angle was 15O. For plot ( R )  the 
sun angle was 15' and the observer angle was 30'. 
IIODEL CALCULATIONS : 
The AGK c q u ; ~ t i o n s  pr-cscl~ltcd i n  t h e  papel* 'uy su i t s1  \rre~-c p1'og1~;111unctl. 
Thcsc cqua t i o n s  do n o t  i nc lud t3  t l lc  az imu tha l  c o n t  l l ibu t i o n  wl~ich  \va s 
I n  tw  nddcd. 2  
As i n  t h e  AGR model. thil r a d i a n t  f l u x  t h a t  i n t c l l a c t s  w i th  tllc canopy 
i s  d iv ide t i  i n t o  two k i n d s ,  ~ p e c ~ i l i i ~ ~  and d i f f u s e .  Tl~c, s p c c u l a r  f l u s  i s  
t h a t  f l u x  which al*1>ivcs flloni a p a r t  of  t h e  shy  ~ 1 %  t h e  SUII  ;init f lows  i n -  
t o  t h e  canopy i n  a s t l l a ig l l t  l i n e  w i thou t  i n t c ~ l c e p t i o n  by any callupy 
component 01- t h e  s o i l .  T!le d i f f u s e  f l u x  i s  t h a t  f l u >  which h a s  bee11 
i n t e r c e p t e d  a t  l e a s t  once. A s  speculnx. 1 ' 1 ~ ~  e n t e r s  t h e  canopy and i s  
i n t e r c e p t e d  by a  component, t h e  f ' l ~ ~ x  l e a v e s  t h e  s p c c u l a r  c a t e g o r y  per- 
manently.  I t  i s  e i t h e r  absorbed o1> cont lxibutes  t o  t h e  d i f t ' u se  f l u x  o f  
t h e  canopy. 
I n  t l lc f o l l o w i n g  c a l c u l i l t i o ~ ~ s  t h e  s p e c t r a l  f l u x  d e n s i t y  i s  sy~libolizeti  
by EX (s) f o r  s p e c u l a r  f low anti E (d) f o ~  d i f f u s e  Slow. The d i f f u s e  1 
f l u x  d e n s i t y  i s  a g a i n  d i v i d e d  i n t o  upward and downward f low and i s  sym- 
b o l i z e d  by E (+d) and E X  (-d) r*cspcc t ive ly .  S ince  t h e  canopy c o n s i s t s  
o f  d i f f e r e n t  l a y e r s  each  wi th  i t s  own p r o p e l - t i e s ,  t h e  s p e c i f i c a t i o n  of 
t h e  l a y e r  must be  i nc luded  i n  t h c  nornenclatu~*e.  Thus, f o r  i n s t a n c e ,  
E (+d, i, x) r c p r e s c n t s  t h e  u p ~ i ~ r d  d i l l e c t ed  I l u x  i n  t h e  it11 l a y e r  a t  
l e v e l ,  x .  
The c a l c u l a t i o n  t o  de t e rmine  E X  (+ti, i ,  x)  i n  cactl layel-  is t h e  same 
as  i n  t h e  AGR l a y e r  model u s i n g  t h e  e q u a t i o n s  
dE (-d, i, XI  = +ai$ (kd, i ,  x)  - biC1 ( -d ,  i ,  x)  - ~ l l ~ ~  (s ,  i. x )  (2) 
dx 
dC ( s ,  i ,  x) = + k i 3  (s, i, x) 
dx 
The cons tan t s  a i ,  b:, c i ,  c j ,  and k i  a r e  der ived from measurements 
of canopy zomponents of  t h e  i t h  l a y e r .  I f  only one type  of component 
occupies t h e  ith l a y e r ,  then  
P + T  ai = [ohnh (1 - T) + a v n v  (1 -  I ,  
2 
7 -  a n  - C i  - + - 
I T  v v  
+ t a n  e l  , 
2 
and 
L ki = Lo a n  t a n  8.J . h % + ,  v v  
where q, i s  the average area  of t h e  p r o j e c t i o n  o f  t h e  canopy camponent 
on a h o r i z o n t a l  p l a n e ,  
uv i s  t h e  average a rea  of t h e  p r o j e c t i o n  of t h e  canopy component 
on two or thogonal  v e r t i c a l  p l a n e s ,  
nh i s  the  number of h o r i z o n t a l  p r o j e c t i o n s  per  u n i t  volume, 
n, i s  t h e  number of v e r t i c a l  p r o j e c t i o n s  p e r  u n i t  volume. 
The ang le ,  0 , is  t h e  p o l a r  ang le  f o r  i n c i d e n t  specu la r  f l u x .  
The s p e c t r a l  t r ansmi t t ance ,  T , and t h e  s p e c t r a l  r e f l e c t a n c e ,  P , 
a r e  t h e  hemispher ica l  r e f l e c t a n c e  values  obta ined from measurenients of 
component samples i n  t h e  l abora to ry .  The f a c t o r  ( 2 / ~  ) a s s o c i a t e d  with 
t h e  tangent  of  t h e  specu la r  angle  i n  equat ions  ( 6 ) ,  (7) ,  and (8) i s  t h e  
average value  of t h e  cos ine  of t h e  az imuthal  ang le .  The v e r t i c a l  pro- 
j e c t i o n  i s  averaged f o r  random, azimuthal  o r i e n t a t i o n s .  
For3 values of t h c  canopy parameters  usell i n  our  s tudy,  t l~e i ' e  were pro- 
blems c,~icountered us ing t h e  s o l u t i o n  t o  S u i t s '  equat ions .  There is a  
term i n  t h e  s o l u t i o n  of  both t h e  upward and t h e  downward d i f f u s e  f l u x  
t h a t  i s  exponent ia l ly  i n c r e a s i n g  downward frorn t h e  top of t h e  canopy. 
This overwhel.ms o t h e r  terms i n  t h e  s o l u t i o n  f o r  l e a f  a rea  index values  
g r e a t e r  than 2 o r  3. S u i t s  mentions i n  h i s  o r i g i n a l  paper (lief. 1 )  t h a t  
t h e  i n f i n i t e  c a s e  can be e ~ . a l u a t e d  by tahing c e r t a i n  c o e f f i c i e n t s  t o  be 
zero.  These a r e  t h e  c o e f f i c i e n t s  of t h e  terms t h a t  i n c r v a s e  ecponcn- 
t i a l l y .  I t  i s  no t  c l e a r  how one decides  e x a c t l y  when t o  go t o  the  
i n f i n i t e  case .  The A G R ~  model from which ~ u i t s ' w o r h  ol l igir .ated shows 
t h e  same behavior  and f o r  canopies having epprec iab le  MI'S an " i n f i ~ i i t e  
caseTr s o l u t i o n  must be used. 
The ah and Uv, h o r i z o n t a l  2nd v e r t i c a J  component a r e a s  f o r  t h e  
l e a v e s ,  were o r i g i n a l l y  found by photographing the  l eaves  v e r t i c a l l y  
wi th  a background of a  h o r i z o n t a l  g r i d  and l ikewise  with the  v e r t i c a l  
orthogonal  p r o j e c t i o n s .  The p i c t u r e s  werc then p r i n t e d  us ing the  same 
g r i d  t o  i n s u r e  proper s c a l ~  and t h e  p r i n t s  were run through t h e  sanie 
o p t i c a l  p lanimeter  used f o r  l e a f  a r e a  measurements. It was found t h a t  
f o r  a  broad l e a f  such iis c o t t o n ,  t h i s  photographic procedure was n o t  
necessary.  For t h e  18 l eaves  phatographed t h e  s l o p e  a n g l e s  and a r e a s  
were recorded.  The ah and 17, could then  be c a l c u l a t e d  from t h e  area 
of t h e  i n d i v i d u a l  l e a f  t imes t h e  cos ine  and s i n e  of  t h e  s l o p e  a n g l e ,  
r e s p e c t i v e l y .  The average f o r  t h e  l eaves  compared w i t h i n  2 5  t o  t h e  
photographic method. Typica l  va lues  found were u = 85.5 cm2 and 
a = 58.6 cm2 and average s l o p e  ang le  3Q0. 
v  
The r e s u l t s  of t h e  S u i t s  model c a l c u l a t i o n s  f o r  a crop having an 
MI value  of  2 a r e  shown i n  Figures  13 and 14. These r e s u l t s  cornpalne 
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Fig. 13. Dr. G .  Sui t s '  canopy model predictions o f  the dependence o f  
r e f l f  otance on sun angle a t  850 tun for four d i f ferent  observer 
anglcj .  The d i f f e r e n t  observer angles for  the readings are 
indicated on the graph. 
Fig.  14. Dr. G .  Suits '  canopy model predictions of the dependence o f  
ref lectance on observer angle a t  850 nm for  four d i f ferent  sun 
I angles.  The d i f ferent  sun angles for  the readings are indicated on the graph. 
q u i ~ l i t u t i v c l y  wi th  th i~ l -  obsci*vcd i n  t l lc c o t t o n  c rop .  (See Figu~*c!s S 
and 10.) Notc t h a t  s i n c e  t l i c rc  i s  no i ~ z i r ~ ~ ~ ~ t l l a l  ang e being  c u n s i c l e ~ ~ r d .  
t h e  d a t a  i n  F igu re  13  i s  symmetric obout solar .  nuon. On the  o b s c i ~ \ ~ c i ~  
a n g l e ,  t h e  c f f c c t s  of any "hut  s p o t "  have n u t  been considc~l~cni!. 
DISCUSSICN: 
- 
Our data  genera l ly  show the  t rends  i n  observer angle and sun angle  
i n  q u a l i t a t i v e  agreement with S u i t s  r.ode1. Quant i t a t ive  comparison was 
not  poss ib le  because of t h e  f ind ing  t h a t  Sui ts 'publ ished model i s  s u i t -  
ab l e  only f o r  p l an t s  having a  LA1 of no t  more than about 2 .  It appears 
an " i n f i n i t e  case" so lu t i on  needs t o  be wedded t o  t h e  p resen t  so lu t ion .  
The Smith model needs t o  have some s impl i fying work done on it so 
t h a t  it does no t  requ i re  enormous amounts of computer time. 
The s p e c i f i c  data  on angular  dependence of t h e  b i d i r e c t i o n a l  func t ion  
~ e e d s  t o  have experimental work done t o  reduce t he  e r r o r s  t o  a  l t lvel  t h a t  
specific! angular  dependence can be determined f o r  t he  angles  concerned. 
It is  c l e a r  t h a t  without t he  s p e c i f i c  knowledge of how phys ica l  para- 
meters e f f e c t  t h e  b i d i r e c t i o n a l  r e f l e c t ance  func t ion ,  one can hardly  
use remote sensing t o  t he  ex ten t  of i t s  c a p a b i l i t i e s .  A recen t  paper 
of Mali la,  e t .  a16,  shows t h a t  i f  a  f l i g h t  l i n e  i s  repeated every 10 
minutes, wi th in  two hours t he  recogni t ion reduces from over 90% t o  0%. 
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